The 30-nm fiber is commonly found in oligonucleosome arrays in vitro but rarely 17 found in chromatin within nuclei. To determine how chromatin high-order structure is 18 controlled, we used cryo-ET to study the undigested natural chromatin released from 19 cells that do not have evidence of 30-nm fibers in vivo: picoplankton and yeast. In the 20 presence of divalent cations, most of the chromatin from both organisms is compacted 21 into a large mass. Rare irregular 30-nm fibers do form at the periphery of this mass, 22 some of which include face-to-face interactions. In the absence of divalent cations, 23 picoplankton chromatin decondenses into open zigzags. By contrast, yeast chromatin 24 mostly remains compact with looser nucleosome packing, even after treatment with 25 histone-deacetylase inhibitor. The 3-D configuration of natural chromatin is therefore 26 sensitive to the local environment, but generally nonpermissive of regular motifs, even 27 at the level of oligonucleosomes.
INTRODUCTION
In eukaryotic cells, chromatin is important in nuclear processes like transcription 30 and replication. Chromatin structure is dictated by the 3-D relationship between of the chromatin mass (Fig.  3A) . In total, we observed only seven irregular 30-nm fibers 140 in eleven tomograms. These observations show that in the presence of trace amounts 141 of free magnesium, yeast chromatin compacts in vitro and can occasionally form 142 irregular 30-nm fibers.
143
To test if the yeast chromatin organization depends on residual divalent cations, 144 we lysed nuclei in the presence of EDTA. In the 5 mM EDTA-treated sample, we were 145 unable to distinguish most nucleosomes because the chromatin was not dispersed 146 enough ( Fig.  S5A ,C,D). Intact ribosomes could still be found, indicating that trace 147 amounts of divalent cations were still present ( Fig.  S5A  and  C) . We therefore increased 148 the lysis-buffer EDTA concentration to 50 mM. This new condition was more effective 149 because we could not find any 80S ribosomes ( Fig.  S5B  and  E ). In the presence of 50 150 mM EDTA, the chromatin mass became more dispersed (Fig.  S6) , and unlike in the 151 conditions with less EDTA, chromatin fibers thicker than 50 nm were no longer Histone deacetylation facilitates yeast chromatin compaction 159 In an early study (Lowary and Widom, 1989) , yeast chromatin fragments in low 160 salt formed extended "10-nm filaments". We did not observe such structures. While the 161 conditions in that study were different from ours (traditional EM vs. cryo-EM;; digested 162 vs. undigested chromatin), we sought another explanation for the differences observed. 163 It is known that yeast chromatin is susceptible to deacetylation when cells are disrupted 164 (Waterborg, 2000) . To test whether the histone acetylation levels in yeast chromatin in 165 vitro were too low to support a more disperse structure like the open zigzag, we treated 166 the intact cells with Trichostatin A (TSA), a histone-deacetylase inhibitor (Bernstein et 167 al., 2000) . We then lysed the cells in hypotonic buffer containing both EDTA and TSA. 168 We found that chromatin isolated this way was indeed more disperse (Figs. 4A and B, 169 more examples in Fig.  S7 ). In rare cases, we found open-zigzags (Figs. 4C and D) , but 170 we still did not find any structures that resembled a 10-nm filament. These results are 171 nevertheless consistent with a recent study that showed that histone acetylation makes 172 chromatin more deformable (Shimamoto et al., 2017) . 173 To analyze the nucleosome packing more quantitatively, we performed template 174 matching and then analysed both the nearest-neighboring distance (NND) and 10 th 175 NND distributions. The NND reports on short-range compaction whereas the 10 th NND 176 reports on long-range compaction, e.g., inter-fiber interactions (Fig.  S8 ). As a reference,
177
we also performed this analysis for nucleosome-like densities in vivo (Chen et al., (Fei et al., 2015; ; Kubik et al., 2015) .
198
On some of the naked DNA strands, we found densities that are smaller than a 199 nucleosome ( Fig.  4E ). We speculate that these densities might be chromatin- , 2014) . In yeast chromatin, we found that only a few nucleosomes 208 were packed face-to-face ( Fig.  5A ) or in a zigzag motif ( Fig.  5B ). To detect more regular 209 packing motifs, we performed 2-D classification on subtomograms that contained 210 multiple nucleosomes ( Fig.  5C ). In agreement with our visual inspection, only one class 211 showed face-to-face packing and furthermore, there was no dominant motif ( Fig.  5C ).
212
Artificial nucleosome arrays with a 167-bp repeat (identical to the yeast 213 nucleosome repeat length) are organized as compact 30-nm fibers (Routh et al., 2008) .
214
To test if natural yeast chromatin fibers ( Fig.  5D ) are as compact as these artificial 30-215 nm fibers, we determined the number of nucleosomes per 11 nm in the best-resolved 248 and C and 7B and C). In both picoplankton and yeast, the nucleosomes do not form 249 long repeating motifs or regular structures of any kind ( Fig.  6C  and  7E ). Furthermore, 250 there were no nucleosome clusters or chains formed by the same conformational class.
251
Therefore, natural chromatin is structurally heterogeneous at the oligonucleosome level. whereas the yeast chromatin is much more crowded, with a few irregular 30-nm fibers, 271 even in 50 mM EDTA ( Fig.  8 Chromatin is more compact in vitro than in vivo 347 Our cryo-ET studies of two organisms gives us a rare opportunity to assess the 348 factors that contribute differences in 3-D chromatin organization in vivo and in vitro. One 349 major difference is that nucleosomes pack slightly closer in vitro than in vivo, especially 350 in yeast ( Fig.  4  H  and see  Table  S2 . The picoplankton burst in all lysis buffers. While the 384 plasma membrane was completely ruptured, the contents of the largest two organelles -
385
- the nucleus and the chloroplast -- remained physically associated. This association 386 was fortuitous because the chloroplast remnants, which were high contrast and could 387 be located even at low magnification, facilitated the search for the adjacent chromatin. then re-centrifuged at 3000 × g for 1 min. The cell pellet was then resuspended in 1 ml 396 Buffer A (containing 10 mM DTT, from the kit), and then incubated for 10 minutes in a 397 30°C water bath. Cells were then centrifuged at 1500 × g for 5 minutes and then 398 resuspended in 1 ml Buffer B (from the kit) containing lysis enzyme cocktail (diluted 399 1:1,000). The mixture was incubated in a 30°C shaker for 15 min, and then centrifuged 400 at 1,500 × g for 5 minutes at 4°C. The pellet was resuspended in 1 ml prechilled Buffer 401 C (from the kit) with protease inhibitor cocktail. The suspension was transferred to a 402 glass Dounce homogenizer on ice and then the cells were lysed with 15 strokes. The 403 suspension was incubated with shaking for 30 minutes at room temperature and was 404 then centrifuged at 500 × g for 5 minutes at 4°C to remove the debris. A small aliquot of 405 21 the supernatant was stained with 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) 406 to verify that the isolated nuclei were abundant. The supernatant was then re-407 centrifuged at 20,000 × g for 10 minutes at 4°C. The nuclear pellet was resuspended in 408 pre-chilled lysis buffer (see Table  S2 ) and incubated for 15 minutes on ice prior to 409 plunge freezing. was discarded prior to further analysis. For O. tauri, however, we found that hits 466 corresponding to nucleosomes with the superhelical axis nearly perpendicular to the ice 467 surface were off-center. These nucleosomes were better centered when we used a low-468 pass-filtered subtomogram average of a RELION 3-D class as a reference (see below).
469
To minimize the effects of neighboring densities, subvolumes were isolated with a thick 470 cylindrical mask with a soft edge. To minimize the number of false negatives, we kept 471 the template-matching hits that were spaced as close as 6 nm, corresponding to face-472 24 to-face packed nucleosomes. This minimum distance resulted in many "overlapped" 473 candidate nucleosomes (hits), of which one was removed automatically at each position 474 at the end of the search. To further minimize the number of false negatives, all hits with 475 a CC (relative to the template) greater than 0.2 were saved and then visualized in the 476 original tomogram;; the CC values were displayed using the 3dmod "fine grain" feature.
477
The CC cutoff was then manually increased in 0.05 increments until most spurious hits 478 (carbon support edge, ice contaminants, and aggregates) were eliminated. The final 479 filtered hit list was then subject to heterogeneity analysis using RELION (see below). 
513
To better discriminate between nucleosome conformational states, we performed 514 3-D classification without the use of an external reference. New junk classes were found 515 and removed at the end of each round of classification. We found that the number of 516 classes decreased as we increased the resolution used for classification to the Nyquist 517 limit. This resolution dependency is probably due to the lower signal-to-noise ratio of the 518 26 higher-resolution data. Starting with 20 classes and using data to the Nyquist limit (20 Å 519 for yeast), fewer than 10 distinctive conformational classes remained at the end of 2 - 3 520 sequential classification-and-junk-removal rounds. These classes were then subjected 521 to synthetic tomogram construction. For picoplankton chromatin in 1 mM and 0 mM 522 Mg 2+ , we also attempted 3-D classification of higher-order structures by increasing the 523 mask size, but found that most of the classes did not converge to anything biologically 
